Brachycephalic airway syndrome (BAS) is a common disease in certain "flat-faced" dog breeds. This syndrome includes stenotic nares, elongated and thickened soft palate, laryngeal collapse, and tracheal hypoplasia. Pharyngeal collapse is also commonly observed, but it is unclear if laryngopharynx motions are merely sequelae or actually contribute to BAS respiratory symptoms. Laryngopharynx motion was imaged using dynamic four-dimensional computed tomography (4D-CT) during spontaneous respiration in four dogs with different BAS types. Dynamic 4D-CT showed laryngopharynx motion in the following order during inspiration: pharyngeal collapse, contraction, and laryngospasm. We concluded that dynamic 4D-CT is a highly-detailed diagnostic approach for detecting laryngopharynx motion. Pharyngeal contraction during inspiration appears to contribute toward the worsening of clinical respiratory signs of BAS.
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KEY WORDS: brachycephalic airway syndrome, dog, laryngospasm, pharyngeal collapse, pharyngeal contraction Brachycephalic airway syndrome (BAS) is a common disease in brachycephalic dog breeds, including the English Bulldog, French Bulldog, Pug, Pekingese, and Shih Tzu. The clinical features of BAS include stenotic nares, elongated and thickened soft palate, laryngeal collapse, and tracheal hypoplasia [2, 12] . In addition, Pollard et al. reported pharyngeal collapse in multiple brachycephalic breeds with BAS (2 of 8 Boston Terriers, 19 of 22 English Bulldogs, 18 of 21 French Bulldogs, and 18 of 27 Pugs) [6] . For dynamic imaging, fluoroscopy is considered to be the gold standard for the diagnosis of laryngopharynx motion. Fluoroscopy findings are classified as complete pharyngeal collapse (complete loss of the nasopharyngeal airway lumen) and partial pharyngeal collapse (>50% estimated decrease in lumen diameter). In most dogs with BAS, coughing and stertor are the common clinical signs that occur when main-stem bronchial or tracheal collapse is concomitant with pharyngeal collapse. Therefore, pharyngeal collapse could be a sequela of long-term negative pressure gradients and both anatomic and functional abnormalities [9] .
A high-speed computed tomography (CT) technique called dynamic CT with three-dimensional (3D) internal rendering was recently introduced, enabling the evaluation of both the morphological shape of the larynx and the severity of the laryngeal collapse [10] . This technique can be used to distinguish the three stages of laryngeal collapse as defined by Leonard: eversion of the laryngeal saccules (stage I), loss of rigidity and medial displacement of the cuneiform processes of the arytenoid cartilage (stage II), and collapse of the corniculate processes of the arytenoid cartilage with loss of the dorsal arch of the rima glottidis (stage III) [4] . Therefore, the evaluation of laryngopharynx motion in BAS may be feasible with dynamic 4D-CT imaging from free-breathing 3D-CT images in dogs. In the present study, we examined four dogs with several types of BAS. Pharyngeal contraction was suspected to worsen the respiratory states of the dogs examined in this study.
Subjects of this study were four client-owned dogs with suspected worsening of mild BAS (increasing throat noise) evaluated at the Animal Medical Center, Nihon University from 2016 to 2018. After an informed consultation, the owners who were averse to diagnosis using surgery under general anesthesia approved diagnostic imaging under sedation. The dogs were sedated using intramuscular injections of 0.4 mg/kg butorphanol (Vetorphal, Meiji Seika Pharma Co., Ltd., Tokyo, Japan) and 2.5 µg/kg medetomidine (Domitor, Nippon Zenyaku Kogyo Co., Ltd., Fukushima, Japan) in the femoral region to facilitate sufficient imaging doi: 10.1292/jvms.19-0515 time. Additionally, this sedation could be reversed quickly using antagonist agents if necessary [7] . The dogs were positioned in sternal recumbency. Images were acquired for 6 sec using a dynamic 4D-CT system equipped with 320 detector rows, each 0.5 mm in width with a gantry rotation time of 0.275 sec, covering a 16 cm range (24 cm field of view) per rotation (Aquilion ONE, Toshiba Medical Systems, Tokyo, Japan). CASE 1 was an 11-year-old female French Bulldog (neutered, 9.4 kg) with a body conditioning score (BCS) of 3/5, difficulty in breathing when excited, stertorous upper airway noise during sleep, and moderately stenotic nostrils. CASE 2 was a 3-year-old male French Bulldog (10.7 kg) with unknown BCS, inspiratory difficulty, and sleep impairment. CASE 3 was a 6-year-old male French Bulldog (neutered, 11.6 kg) with a BCS of 3/5, daytime coughing, stertorous upper airway noise, difficulty in breathing during sleep, and mild stenotic nostrils. CASE 4 was a 7-year-old male French Bulldog (neutered, 10.4 kg) with a BCS of 4/5, stertorous upper airway noise, and both difficulty in breathing and vomiting during sleep. CASES 2 and 4 had undergone corrective surgery for stenotic nares and elongated soft palate at 1 and 4 years of age, respectively, and were prescribed antibiotics, corticosteroids, and bronchodilators by their local veterinarians. One owner (CASE 3) chose both rhinoplasty and staphylectomy, and another owner (CASE 4) chose only resection of the elongated soft palate as corrective surgery after the second informed consultation following the results of dynamic 4D-CT. After surgery, the dogs were hospitalized for three days, following which corticosteroids, bronchodilators, and gastrointestinal agents (antacids, antiemetics, and prokinetics) were administrated for several weeks after discharge (Table 1 ). According to the owners, ptyalism and airway noise had decreased a month later. CASE 3 showed increased deep sleep and in CASE 4, retching, vomiting, and snoring during sleep had disappeared.
Dynamic 4D-CT ( Figs. 1 and 2) revealed that a flaccid and thick soft palate stretched and elongated during inspiration, similar to an elastic band. At the beginning of inspiration, the elongated soft palate touched lightly against the epiglottis during pharyngeal collapse. After collapse, both thickening of the pharyngeal constrictor muscles and backward movement of the larynx as pharyngeal contraction occurred. In turn, this contraction intercepted the opening of the arytenoid cartilage and induced laryngospasm. In addition, the nasopharyngeal airway space at the end of inspiration was maintained to reduce the thickness of stretched and elongated soft palates in CASES 2, 3 and 4. In this study, laryngeal collapse (Stage I) was observed only in CASE 2, and it was difficult to confirm the same due to lamination among the soft palate, epiglottis, and arytenoid cartilage by pharyngeal contraction. Table 2 summarizes the anatomical and functional characteristics visualized in the chest dynamic 4D-CT of supplementary examination. There were no side effects, such as bradycardia, respiratory depression, observed in any of the dogs.
There are several limitations to this study, such as the small sample size, only one breed examined (French Bulldog), and unpredictable effects of sedation on laryngopharynx motion due to relaxed smooth muscles in the laryngopharyngeal region. In fact, pharmacological sedation has been used to prevent the development of gag reflexes in dental patients [8] . Additionally, the temporal resolution of dynamic 4D-CT is lower than videofluoroscopy for real-time imaging. Despite these limitations, the current study provides valuable information on the functional changes in BAS, because 3D-CT images generally provide superior anatomic detail and more clearly image the causes of airway obstructions (e.g., tumor and foreign body) than 2D images obtained by videofluoroscopy. Pharyngeal contraction contributes to reflex systems in the throat, such as swallowing and gag reflexes [3, 5] . The gag reflex is a physiologically normal function and an oral protective reflex that prevents foreign bodies from entering the airway [3, 11] . Nasal obstruction, postnasal drip, sinusitis, nasal polyps, and congestion of the oral, nasal, and pharyngeal mucosa can also cause gag reflex [3, 11] . The gag reflex is a brief elevation of the soft palate and bilateral contraction of the constrictor muscles of the pharynx by intraoral stimulation [3] . However, no elevation of the soft palate was observed in three cases in this study because the posterior soft palate was stretched to the larynx by inspiratory effort. The following five areas are known to serve as "trigger zones": palatoglossal and palatopharyngeal folds, base of tongue, palate, uvula, and posterior pharyngeal wall [1] . Therefore, we believe that pharyngeal collapse also stimulates the palate, uvula, and pharyngeal wall and induces pharyngeal contraction and a transient laryngospasm for each breath together with other disorders of the upper airway. If the laryngospasm continues without relief, it can lead to pulmonary edema, cardiac dysrhythmias, cardiac arrest, and ultimately death, which are also frequent in dogs with BAS.
Rhinoplasty, turbinectomy, and staphylectomy are corrective surgeries for BAS that decrease airway resistance and prevent suction of the soft palate into the trachea. Clinical signs, such as difficulty in breathing, due to transient pharyngeal contraction and laryngospasm, were likely eliminated after surgeries in two cases. Therefore, pharyngeal collapse in BAS may be secondarily caused by excessive negative pressure of the airway. Respiratory dyspnea improved with open-mouth breathing only when nasal stenosis was involved, and the severity of dyspnea by elongated soft palate and laryngeal collapse depended on the degree of additional upper airway abnormalities in BAS [2, 12] . Gagging and retching are common even after corrective surgery and it is thought that the pharyngeal reflex does not function normally in during postoperative period [2] . Postoperative gagging and retching were prevented in our cases and follow-up dynamic 4D-CT was not available. Therefore, it is necessary to use dynamic 4D-CT to confirm whether surgical corrections reduce the incidences of pharyngeal collapse, contraction and laryngospasm.
In conclusion, dynamic 4D-CT is a highly-detailed diagnostic approach for examining laryngopharynx motion and pharyngeal contraction after pharyngeal collapse during inspiration. Pharyngeal contraction seems to worsen the clinical respiratory signs of BAS, such as stenotic nares, elongated and thickened soft palate, laryngeal collapse, and tracheal hypoplasia.
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